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Background: Aging decreases osteogenic ability, inducing harmful effects on the bone 
extracellular matrix (ECM), while exercise training has been indicated as a tool to counteract 
bone disorders related to advancing age. The modulation of bone ECM is regulated by 
several types of matrix metalloproteinase (MMP); however, MMP-2 activity in different 
trabecular bones in response to resistance training (RT) has been neglected. Remodeling 
differs in different bones under the application of the same mechanical loading. Thus, we 
investigated the effects of 12 weeks of RT on MMP-2 activity in the lumbar vertebra (L6), 
tibia, and femur of young (3 months) and older rats (21 months).
Methods: Twenty Wistar rats were divided into four groups (five animals per group): young 
sedentary or trained and older sedentary or trained. The 12-week RT consisted of climbing 
a 1.1-m vertical ladder three times per week with progressive weights secured to the animals’ 
tails. The animals were killed 48 h after the end of the experimental period. The MMP-2 
activity was assessed by the zymography method.
Results: The aging process induced lower MMP-2 activity in the lumbar vertebrae and tibia 
(p=0.01). RT upregulated pro, intermediate, and active MMP-2 activity in the tibia of young 
rats (p=0.001). RT also upregulated pro and active MMP-2 activity in the lumbar vertebrae 
and tibia with advancing age (p=0.01). There was no significant difference (p>0.05) between 
groups for MMP-2 of the femur, regardless of age and RT.
Conclusion: The aging process impairs MMP-2 activity, but RT is a potential therapeutic 
approach to minimize the deleterious effects of ECM degeneration in different aged bones. 
Distinct MMP-2 responses to exercise training may result in specific remodeling processes.
Keywords: senescent, skeletal system, remodeling, matrix metalloproteinase, exercise
Introduction
Aging is an inevitable process characterized by progressive cellular damage in the 
different organ systems and tissues, which can lead to pathophysiological 
conditions.1 Age-related osteoporosis is by far the most common form of the 
bone disorders in which the individuals are at high risk of suffering fractures.2 
Bone deterioration is associated with gait disorders, predisposing the older indivi-
dual to fall, and functional limitations.3 With age, there is an imbalance between 
bone resorption and formation, resulting in accelerated bone loss, which could be 
explained partly by the detrimental changes in the extracellular matrix (ECM).4
Bone ECM is essential for structural support, mechanical stability, and transmis-
sion of signals from cells.5 The modulation of bone ECM is regulated by several 
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types of matrix metalloproteinase (MMP).6,7 MMPs are 
a group of zinc-dependent ECM-degrading enzymes, 
which have been established to play a crucial role in 
modeling and bone remodeling.8 These are key endopep-
tidases responsible for cleaving ECM structural 
components.9 MMP-2 promotes positive effects during 
bone repair and regeneration through stimulation of cell 
adhesion and growth factors to protect them from 
damage.10,11 It has been reported that MMP-2 is relevant 
for osteoclast function, osteoblast recruitment and osteo-
cyte viability.12 Age-related decline in MMP-2 activity is 
associated with deleterious effects in the homeostatic and 
bone regenerative process, in part as a result of impaired 
function.13 Therefore, MMP-2 is considered a critical 
molecule for improving bone turnover.
Pharmaceutical treatments are commonly used for osteo-
porosis; however, their deleterious effects are often neglected. 
Despite the use of anti-resorption and anabolic drugs, osteo-
porosis cannot be completely cured.14 Minimally invasive 
interventions including exercise training can be as effective 
as drugs in restoring bone function and modulating key bio-
markers, but without serious side effects.14 Exercise is an 
economical and effective way to beneficially stress the skeletal 
bone and stimulate optimal ECM remodeling. Resistance train-
ing (RT) is considered an important non-pharmacological 
agent capable of inducing significant effects on bone develop-
ment through MMP-2 pathway stimulation. Shiguemoto et al15 
showed an improvement in biomechanical properties (stiffness 
and fracture load) accompanied by an increase in MMP-2 
activity induced by RT (12 weeks, three times per week) in 
the tibia from ovariectomized rats. This indicates that RT exerts 
important regulatory roles in bone ECM. Similarly, Souza 
et al16 demonstrated that RT improved bone density, mineral 
content, and stiffness, besides upregulating MMP-2 activity of 
the tibia, in a similar hypoestrogenism model. These authors 
demonstrated that such effects are crucial for bone quality and 
bone health. Upregulation of MMP-2 activity may represent 
a potential exercise-induced mechanism to protect aged rats 
from bone abnormalities and injuries.
Overall, there are bones with different architecture, che-
mical composition, metabolism, and physical properties, 
which can promote distinct responses of MMP-2.17 Each 
bone is presumed to have a different physiological adapta-
tion and biomechanical function, and bone remodeling may 
not be the same in different bones concerning the same 
mechanical loading application. Previous data have shown 
that trabecular bone is more actively remodeled than corti-
cal bone owing to the much larger surface to volume ratio.18 
Comparative study between different bones would be rele-
vant to elucidate the specific ECM remodeling process 
inherent to aging-associated changes, as well as to under-
stand in depth the response of MMP-2 to RT. Advances that 
have occurred in molecular bone biology in response to 
exercise could provide fascinating insights for practical 
diagnostic and/or therapeutic fields related to skeletal func-
tion. Therefore, the aim of the present study was to inves-
tigate the effects of RT on MMP-2 activity in the lumbar 
vertebra (L6), tibia, and femur of young and older rats. Our 
hypothesis is that RT upregulates MMP-2 activity in bones, 
regardless of the aging process, and that such regulation is 
different in each bone.
Materials and Methods
Experimental Groups
All procedures were conducted in accordance with the 
Guide for the Care and Use of Laboratory Animals (US 
National Research Council, Washington DC, USA). The 
research protocol received approval from the Animal 
Research Ethics Committee of the Federal University of 
Sao Carlos, SP, Brazil (protocol number: 044/2011). Thus, 
20 male Wistar rats (Rattus norvegicus albinus) between the 
ages of 3 and 21 months at the start of the experiment were 
randomly divided into four experimental groups: YS 
(young sedentary), YT (young trained), OS (older seden-
tary), and OT (older trained). The age classification of rats 
was determined according to Quinn.19 The rats were placed 
in collective cages with members of the same group (three 
or four animals/cage) with water and standard rodent chow 
(Purina®; Descalvado, São Paulo, Brazil) available ad libi-
tum, and exposed to 12-hour light/dark cycles with the 
temperature maintained at 20–22°C during the experiments.
Resistance Training Protocol
Familiarization
Methods regarding familiarization, determination of maxi-
mum carrying capacity, and RT sessions were based on pre-
vious studies from our research group.1,18,20 The rats were 
adapted to an RT of climbing a vertical ladder (Ladder 110cm 
high, 18 cm wide, 2 cm between grid steps and 80° incline) 
with no weight on the load apparatus for two non-consecutive 
days (48-hour rest interval). The load apparatus was fixed to 
the tail by wrapping its proximal portion with a self-adhesive 
foam strip. Rats were placed at the bottom of the ladder and 
familiarized with climbing. Finger pinching was used on the 
animal’s tail as a stimulus to initiate climbing. At the top of the 
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ladder, the rats reached a house chamber where they rested for 
2 minutes. This procedure was repeated until they voluntarily 
climbed the ladder for three consecutive turns without stimu-
lus, according to Sousa Neto et al.20
Maximum Capacity
Two days after the familiarization procedure, each animal 
was evaluated to determine its maximum carrying load, 
which consisted of four to nine ladder climbs with pro-
gressively heavier loads. The initial climb was performed 
with 75% of the animal’s body mass. Upon successful 
completion of this load, an additional 30 g weight was 
added to the load apparatus. The highest load that the 
animal successfully carried for the entire length of the 
ladder was considered the maximal carrying capacity. 
Failure was determined when the animal could not pro-
gress up the ladder after three successive stimuli to the tail.
Exercise Sessions
Exercise was performed three times per week (on 
Mondays, Wednesdays, and Fridays) for 12 weeks. The 
length of the ladder permitted the animals to performed 
eight to 12 dynamic movements per climb. The climbs 
comprised the carrying of a progressive load of 65, 85, 95, 
and 100% of the maximum carrying capacity of each 
animal. RT sessions consisted of five to eight movements 
per climb over 6–8 seconds. If a rat reached 100% of its 
carrying capacity, an additional 30 g load was added until 
a new maximum carrying capacity was determined. The 
resting period between each climb was 2 minutes. Rats 
were manually stimulated to climb the ladder. No electri-
cal shock was used to induce the climbing. The RT proto-
col was adapted from Hornberger and Farrar21 and 
procedures are described elsewhere.1,20,22,23
Bone Preparation
One at a time, 48 hours after the end of experimental period, 
the animals were killed using an intraperitoneal injection of 
xylazine solution (24 mg/kg of body weight) and ketamine 
(100 mg/kg of body weight). Such a period was determined 
to avoid the acute effects of the session of resistance exercise. 
The lumbar vertebra (L6) was immediately dissected, as well 
as the right diaphyseal femur and tibia from each posterior 
limb, and then stored at −80°C for zymography analyses. All 
bones were dissected by an experienced researcher in order 
to prevent cross-contamination with other tissues, such as 
tendons, periosteum, and bone marrow.
Gelatin Zymography (MMP-2 Activity)
The techniques for bone MMP-2 activity determination were 
performed according to the protocol established by Marqueti 
et al1 and Sousa Neto et al.22 The different bones samples were 
macerated in liquid nitrogen using a mortar and pestle. To 
attain complete tissue homogenization, samples were homo-
genized posteriorly in a tube containing 10 mM cacodylic acid, 
1 µM NaCl, 20 mM CaCl2, 1.5 mM NaN3, 0.01% Triton 
X-100% ZnCl 1 µM with five stainless steel balls (diameter 
2.3 mm) (BioSpec Products, Bartlesville, OK, USA) and three 
silicon carbide sharp particles (1 mm) (BioSpec Products) by 
being shaken in a FastPrep-24 instrument (MP Biomedicals, 
Solon, OH, USA). Next, the solution was centrifuged for 20 
minutes (13,000 g at 4°C) and the supernatant was reserved. 
A NanoDrop® spectrophotometer (ND-1000; NanoDrop 
Technologies, Wilmington, DE, USA) was used to quantify 
protein concentrations, and 30 µg of total protein was loaded 
into each lane. Each group was analyzed separately by the 
same individual and experienced researcher.
The samples were resolved by electrophoresis in polyacry-
lamide gel containing SDS 10% and gelatin (1 mg/mL). Then, 
the gels were washed twice in 2.5% Triton X-100 to remove 
SDS and incubated in substrate buffer (50 mmol/L Tris-HCl 
(pH 8.0), 5 mmol/L CaCl2, and 0.02% NaN3) at 37°C for 20 
hours. The gels were stained with Coomassie Brilliant Blue 
R-250 (Bio-Rad) for 1.5 hours and destained with acetic acid, 
methanol, and water. The gelatinolytic activity was manifested 
as horizontal white bands on a blue background.
Samples of five animals from each experimental group 
were evaluated to guarantee the precision and linearity of 
the analysis, and each sample was normalized for the total 
amount of protein included (30 µg). MMP-2 activity was 
determined by densitometric scanning of the isoform 
bands (ImageScanner III, Lab-Scan 6.0). The averages of 
the band intensities were measured using Image Master 2D 
Platinum 7.0 software and were conducted by a blinded 
researcher, reducing possible bias related to this process. 
Pro, intermediate, and active isoforms bands were identi-
fied via standard techniques using molecular weight cri-
teria. The bands found in all groups were 68–62 kDa, as 
proposed by previous studies.15,16
Statistical Analysis
The results were expressed as the mean ± standard deviation 
(SD). The Shapiro–Wilk test was applied to check for nor-
mality of variables and Levene’s test was used to analyze the 
homogeneity of variance. All variables presented normal 
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distribution and homogeneity. A two-way independent 
ANOVA (with training and aging as factors) was used to 
compare body weight, relative load capacity, and MMP-2 
activity in bones between groups. The one-way ANOVA test 
was used for comparisons between different bones. When 
a significant difference was detected, a Tukey post hoc test 
was applied to identify the difference. An alpha level of 
p≤0.05 was considered significant. The software GraphPad 
Prism 8.3 (San Diego, CA, USA) was used for statistical 
analysis and graphic design. The power of the sample size for 
activity was verified by post hoc tests using G*Power version 
3.1.9 (Kiel University, Kiel, Germany) (supplementary 
Tables S1-S2 and supplementary Figure S1). Importantly, 
all outcomes revealed a power above 95%.
Results
Body Weight and Relative Load Capacity
The initial body weight was higher in old rats compared to 
young animals (p=0.01). With respect to body weight after 
the training period, the young groups displayed 
a significant increase (p=0.01); however, old animals 
showed a significant decrease (p=0.01) (Figure 1A). Both 
trained groups presented increased final relative maximal 
load capacity (p=0.01); however, the relative load was 
greater in young rats than in older animals in the 12th 
week of training (p=0.01) (Figure 1B).
Effects of Aging and RT on MMP-2 Activity 
in Different Bones
Lumbar Vertebra
Supplementary Table S3 shows the p-values of factors 
(aging and exercise training) and interactions. There was 
a statistically significant interaction between training and 
age for pro and active MMP-2 activity in the lumbar 
vertebra (p=0.003 and p=0.02, respectively). All isoforms 
were modified by age status and exercise training, which 
showed a decrease in the OS compared to the YS group 
(p=0.001) (Figure 2A–C). The YT showed higher activity 
values compared to the YS group (p=0.01) (Figure 2A–C) 
for all isoforms. The pro-MMP-2 activity was higher in the 
OT group compared to the OS group (p=0.01) 
(Figure 2A). No MMP-9 activity was detected by 
zymography.
Femur
There was no difference between groups in pro, intermediate, 
and active MMP-2 in the femur (p>0.05) (Figure 3A and B). 
No MMP-9 activity was detected by zymography.
Tibia
Regarding the tibia, training significantly increased the 
pro-MMP-2 activity in the YT compared to the YS group 
for all isoforms (p=0.01) (Figure 4A–C). The pro isoform 
was modified by age status, which showed a decrease in 
the OS group compared to the YS and YT groups 
(p=0.001). The OT group demonstrated a decrease com-
pared to the YT group for pro and intermediate isoforms 
(p=0.001) (Figure 4A and B).
Finally, the active MMP-2 activity increased in the 
right tibia in both trained groups (YT and OT) compared 
to the sedentary groups (p=0.001 and p=0.04, respec-
tively). Moreover, the OT group showed lower activity 
compared to the YT group (p=0.001) (Figure 4C). No 
MMP-9 activity was detected by zymography.
Figure 1 Body weight changes and relative load capacity of trained groups during the experimental period. Values are presented as means ± SD. (A) Body weight over the 
12 weeks. (B) Initial and final relative load capacity. The experimental groups were: young sedentary (YS), young trained (YT), old sedentary (OS), and old trained (OT). 
Statistically significant differences compared to: #young rats; *0 weeks; aYT, 0 weeks; bOT, 0 weeks; cYT, 12 weeks, p≤0.05 (n=5 per group).
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Comparison of MMP-2 Activity Between 
Distinct Bones
The pro-MMP-2 activity was lower in the femur compared 
to the lumbar vertebrae in all experimental groups 
(p=0.001). The young groups demonstrated higher activity 
values in the tibia compared to the other bones (p=0.001). 
Furthermore, older groups showed the highest activity 
values in the tibia compared to the femur (p=0.01) 
(Figure 5A). With respect to active MMP-2, young groups 
and the OT group showed lower activity in the femur com-
pared to the lumbar vertebrae (p=0.01). All groups displayed 
higher activity values in the tibia compared to the other 
Figure 2 Optical densitometry of zymography bands of MMP-2 in the lumbar vertebra (L6). Activity was expressed in arbitrary units (AU). Values are presented as means ± 
SD. (A) Pro-MMP-2 (~68 kDa). (B) Intermediate MMP-2 (64 kDa). (C) Active MMP-2 (62 kDa). The experimental groups were: young sedentary (YS), young trained (YT), 
old sedentary (OS), and old trained (OT). Statistically significant differences compared to: aYS; bYT; cOS, p≤0.05 (n=5 per group).
Figure 3 Optical densitometry of zymography bands of MMP-2 in the right femur. Activity was expressed in arbitrary units. Values are presented as means ± SD. (A) Pro- 
MMP-2 (~68 kDa). (B) Active MMP-2 (62 kDa). The experimental groups were: young sedentary (YS), young trained (YT), old sedentary (OS), and old trained (OT). No 
statistically significant differences between groups, p>0.05 (n=5 per group).
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bones analyzed (p=0.001) (Figure 5B). A schematic repre-
sentation of the MMP2 activity during the aging process and 
RT in different bones is presented in Figure 6.
Discussion
This study confirmed our hypothesis that the aging process 
impairs a key enzyme that regulates bone ECM. 
Downregulated MMP-2 activity in the lumbar vertebrae 
and tibia of old rats can result in dysfunctional remodeling 
and compromise bone structure, leading to weakness. RT 
upregulated MMP-2 activity in the lumbar vertebrae and 
tibia during aging, but not in the femur, indicating that 
comprehensive assessment of bone structure may be 
required to improve our understanding of bone health 
Figure 4 Optical densitometry of zymography bands of MMP-2 in the right tibia. Activity was expressed in arbitrary units (AU). Values are presented as means ± SD. (A) 
Pro-MMP-2 (68 kDa). (B) Intermediate MMP-2 (64 kDa). (C) Active MMP-2 (62 kDa). The experimental groups were: young sedentary (YS) young trained, (YT) old 
sedentary (OS), and old trained (OT). Statistically significant differences compared to: aYS; bYT; cOS, p≤0.05 (n=5 per group).
Figure 5 Optical densitometry of zymography bands of MMP-2 between lumbar vertebra, tibia, and femur. Activity was expressed in arbitrary units (AU). Values are 
presented as means ± SD. (A) Pro-MMP-2 (68 kDa). (B) Active MMP-2 (62 kDa). The experimental groups were: young sedentary (YS) young trained (YT), old sedentary 
(OS), and old trained (OT). Statistically significant differences compared to: alumbar vertebra; bfemur, p≤0.05 (n=5 per group).
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and clinical implications. Different MMP-2 responses to 
RT may result in distinctive remodeling processes. RT has 
the potential to positively affect bone remodeling and this 
approach presents an innovation in the current knowledge 
on bone. Those findings regarding bone plasticity may 
have crucial implications for the treatment of osteoporosis.
Our findings demonstrated that RT increased relative 
load capacity, regardless of age, suggesting a beneficial 
adaptation to mitigate age-related osteosarcopenia. The 
rationale to use the RT model was based on previous 
studies that suggest that this modality results in osteogen-
esis and consequently has the ability to delay the onset of 
osteoporosis.24,25 This may occur as a result of the existing 
relationship between the bone mineral density and the 
level of muscular strength,26,27 the major physical quality 
reported in the present study. Importantly, muscle strength 
exerts a dominant effect over bone’s structural 
adaptation.27 In clinical studies, there is evidence that 
muscle strength can reduce the risk of vertebral fracture 
and the development of kyphosis in older women with 
osteoporosis,28 which shows the relevance of increasing 
MMP-2 activity in lumbar vertebrae. The young and old 
rats displayed different adaptations in relative load capa-
city in response to 12 weeks of RT, which may have 
contributed to lower active MMP-2 activity in the OT 
group compared to the YT group.
Age-related bone loss is caused by increases in resorp-
tive activity and reduced bone formation. Accumulating 
evidence suggests that dysregulation of MMP activity is 
responsible for the pathological matrix found in many dis-
eases associated with the aging process, such as osteoporo-
sis and osteoarthritis.10,12 Specifically in bone tissue, it has 
been demonstrated that MMP-2 deficiency reduced tibia 
and femur length in adult mice.10 The novelty of this 
study was that the aging process downregulated the activity 
of pro and active MMP-2 in the tibia and lumbar vertebrae, 
respectively, which may have compromised bone 
integrity.18 An imbalance of MMP-2 leads to abnormal 
bone remodeling.12 Lower MMP-2 activity disrupts tissue 
repair and results in decreased bone mineralization and 
defects in osteoblast and osteoclast survival, which com-
promises optimal bone turnover.10
Figure 6 Overview of the aging process and resistance training on matrix metalloproteinase-2 activity in the lumbar vertebra (L6), tibia, and femur. (A) Rat model of aged 
rats. (B) Resistance training protocol (consisting of climbing a vertical ladder with weights secured to the tail). (C) MMP-2 activity in different bones. Blue enzyme represents 
pro-MMP-2; yellow enzyme represents pro-MMP-2; red enzyme represents active MMP-2. Zn2+, enzymatic cofactor ion; Cys, conserved cysteine residue that interacts with 
the Zn2+ in the active site; ECM, extracellular matrix; ↑ upregulated MMP-2 activity; ↓ downregulated MMP-2 activity.
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Elsewhere, Nyman et al17 evaluated the effects of MMP- 
2 knockout (Mmp2−/−) on architectural, compositional, and 
biomechanical properties in different bones (tibia, femur, and 
L5 vertebral body) of female mice at 16 weeks of age. 
Mmp2−/− did not affect stiffness, yield, or peak force. The 
lack of a difference in MMP-2 activity of the femur during 
aging may be associated with the preservation of mechanical 
properties. Additionally, these authors reported that a lower 
body weight could be associated with a reduction in the 
strength of the femur via an indirect bone functional 
adaptation.17 However, rats in the OS and OT groups had 
higher body weights than those in the YS and YT groups. 
These factors may explain the absence of difference in 
MMP-2 activity of the femur.
The MMPs are regulated at the transcriptional level, 
post-transcriptionally, as well as via activity through their 
inhibitors.29 This may suggest that other adjacent molecu-
lar pathways were involved in MMP-2 activity. One pos-
sibility is that RT also modulates tissue inhibitors of 
metalloproteinases (TIMPs), because TIMPs must be 
well managed to optimize damage bone repair following 
RT.30 It has been demonstrated that low TIMP-2 activity 
stimulates the activation of pro-MMP-2 in bone.31 The 
balance between MMP-2 and TIMP-2 is crucial for assur-
ing bone quality, since MMP-2 depletion leads to bone 
loss, but TIMP-2 stimulates the bone-resorbing activity of 
the mature osteoclasts by protecting the cells from 
apoptosis.31 These mechanisms may clarify the distinct 
MMP-2 isoforms presented here.
An RT program leads to an increase in mechanical 
signals such as fluid flow dynamics, tension, and 
compression.15 These mechanical signals modulate 
MMP-2 activity, which may be one of the main reasons 
why exercise training attenuates the development of bone 
disorders.15 In the present study, RT upregulated MMP-2 
in the lumbar vertebrae and tibia of older animals, repre-
senting a phenomenon of major clinical significance. Our 
results concur with previous studies indicating that exer-
cise programs exert important regulatory roles in bone 
ECM remodeling. Souza et al16 and Shiguemoto et al15 
reported that RT (12 weeks, three times per week) con-
tributed to an increase in MMP-2 activity in tibia of 
ovariectomized rats, which prevented the deleterious 
effects of menopause. Gelatinase activity in bone is impor-
tant for aging, since it is associated with biological path-
ways related to bone protection and damage recovery,18 
besides playing a role in maintaining canalicular 
networks.32 Considering these molecular findings, we 
suggest that RT could be a relevant intervention capable 
of inducing significant effects on lumbar vertebrae and 
tibia, which is necessary for structural arrangement, 
mechanical function, and consequently cellular longevity.
On the other hand, a higher activity of MMP-2 in the 
trained animals may also be attributed to other factors. MMP- 
2 is expressed on both osteocytes and osteoblasts,33 but 
osteocyte density is reduced with aging,34 which is, at least 
partly, rescued by exercise training.35 This could explain the 
differences encountered between old and young animals. 
Also, it has been demonstrated that acute exercise induces 
osteoblast activation, which may have influenced the contrast 
between sedentary and trained animals over time.36
In a review, Chen et al28 demonstrated that trabecular 
bone mineral density of both women and men tended to 
decrease by around 30% in the first thoracic vertebra to the 
third lumbar vertebra with advancing age. Impairment in 
vertebral trabecular remodeling is significantly correlated 
with bone fracture.28 Most significantly, the current study 
suggests positive effects of RT on the pro-MMP-2 activity 
in the L6 vertebra during aging, likely as a protective 
effect. The local increase in MMP-2 activity in L6 is 
fundamental to assisting force development after mechan-
ical loading and tissue homeostasis, which are considered 
substantial responses to bone adaptation.37 The present 
results are important because they suggest an additional 
mechanism to prevent the detrimental effects with advan-
cing age and show novel contributions to the basic 
mechanisms related to the cellular aging process.
Surprisingly, no prominent adaptations in MMP-2 of the 
femur were observed in the trained groups. Although both 
femur and tibia are characterized as long bones, they may 
have different biomechanical components and radiological 
characteristics. Prodinger et al38 showed that the femur and 
humerus displayed higher stiffness compared with the tibia in 
male Wistar rats. A plausible explanation for this is that 
optimal bone remodeling is distinct between bones and 
a mechanical–molecular set point may exist for MMP-2 
induction. Another possible explanation is that the femur is 
surrounded by a thick muscle, which demands a higher 
mechanical load for remodeling. Furthermore, the thin soft 
tissue mantle around the tibia facilitates responsiveness to 
mechanotransduction.38 Such an anatomical structural char-
acteristic may have influenced the increased pro and active 
MMP-2 activity in the YT group, as well as higher activity 
values in the tibia compared to the other bones.
In addition, Hughes et al39 demonstrated a potential 
mechanism for limited osteogenic signal cellular 
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accommodation, in which mechanosensitive cells adjust 
cytoskeletal stiffness in response to fluid flow and conse-
quently bone mechanoadaptation processes, thereby inhi-
biting the release of important pro-osteoblastic signaling 
enzymes, such as MMP-2. It has been demonstrated that 
these adaptations may explain cellular saturation, in which 
bones become less mechanically sensitive with RT, and 
why a small number of loading cycles seems to have the 
same osteogenic potential as an exercise program.39,40 
These previously proposed aspects may be linked to the 
absence MMP-2 modulation observed in the femur. 
Additionally, it is important to emphasize that the femur 
is a long and strong bone, and it usually needs a higher 
loading rate to be remodeled owing to its larger surface to 
volume ratio, besides the greater trabecular bone mass 
accompanied by lower cortical porosity,41 which may 
explain the lower MMP-2 activity compared to the other 
bones analyzed.
There have been no previous studies comparing MMP- 
2 activity in different bones. In the current study, the tibia 
showed greater MMP-2 activity compared to the other 
bones, regardless of age and RT, implying that remodeling 
is not the same in different bones concerning the same 
mechanical loading application and aging process. Galea 
et al42 investigated the transcriptomic changes associated 
with the aging process and mechanical loading on the 
tibia. The authors reported that the tibia is extremely 
responsive to regulation of gene expression related to 
primary metabolism, cell-matrix interactions, and cell 
cycle-independent aging and mechanical loading, which 
are essential for cellular functioning.42 Therefore, it is 
possible that these numerous biological pathways also 
modulate MMP-2 activity. Galea et al42 explained that 
high-impact exercises such as weighted stair climbing 
may be most promising at distal sites, such as bones closer 
to the ground, including the tibia.42
Finally, a mechanistic approach in the different bones 
could provide crucial clues for the development of therapeu-
tic approaches to mitigate bone remodeling disorders, as well 
as mapping of the relevant biomarkers in physiological 
responses inherent to aging, and understanding of the com-
plete picture of cellular adaptation in response to exercise in 
aged bone. Despite this, it is important to point out some 
limitations of the present study. It was not possible to assess 
biomechanical factors, which could add information about 
bone strength. Another limitation was the absence of histo-
logical analysis of the ECM. It should be noted that only the 
diaphyseal portion of the femur was considered. However, 
there is little evidence to illuminate the relationship between 
MMP-2 and bone regions. Future studies should investigate 
the ability of RT to modulate different bone regions, and we 
state this limitation here and look forward to the results of 
future similar studies.
Conclusion
In summary, RT promotes different levels of MMP-2 activity 
in the lumbar vertebra, tibia, and femur of young and older 
rats. RT induced higher MMP-2 activity in the lumbar verteb-
rae and tibia of older rats, while positive effects in the femur 
were limited. The present study showed that bone extracellular 
remodeling can be modulated by RT as an important compo-
nent in adaptive responses during the aging process.
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